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Introduction
It is well known that systemic blood pressure (BP) and blood flow towards the head (BF) depend on the magnitude of gravity and its direction in relationship to the body axis on Earth or in outer space (Shimizu et al. 1992; Rowell, 1993a; Buckey et al. 1996; Levin et al. 2003; Shimizu, 2006; Buckey, 2006a; Nishimura et al. 2014) . On the ground, shifting of body fluids towards the lower limbs occurs after postural transition from the supine or sitting position to the standing position, while neuronal regulatory mechanisms, such as the baroreceptor reflex and vestibulo-autonomic nervous system, work to prevent fainting (Rowell, 1993b; Levin et al. 2003; Gotoh et al. 2004; Buckey, 2006b; Abe et al. 2011) . Weightlessness has undesirable effects, such as reduction in blood circulation and puffy face, attributable to a headwards shift of body fluids as a result of the absence of a hydrostatic pressure gradient in microgravity (Nicogossian & Gaiser, 1996; Buckey, 2006a) . Arterial baroreceptor reflex function also becomes weaker during weightlessness (Shimizu et al. 2003; Yamasaki et al. 2004; Waki et al. 2005; Katsuda et al. 2014) .
In general, the baroreceptor reflex is the feedback regulatory mechanism of the autonomic nervous system. When BP increases or decreases, the baroreceptor reflex, the afferents of which are the aortic and sinus nerves, adjusts heart rate (HR) and vascular resistance by way of sympathetic and vagal nerve activities to maintain BP after postural change (Shimizu, 1984 (Shimizu, , 2006 Rowell, 1993b; Akimoto et al. 2011; Levin et al. 2003) . The vestibular apparatus is stimulated by changes in gravitational acceleration and/or direction (Buckey & Homick, 2003; Gotoh et al. 2004; Abe et al. 2011) , and the vestibulosympathetic reflex is elicited before changes in BP. Thus, BP is controlled by the vestibulosympathetic reflex in a predictive manner (Gotoh et al. 2004) ; for example, in the transition to upright posture, this mechanism works as feedforward regulation. If these autonomic nervous systems do not work efficiently after postural transition, orthostatic hypotension occurs when body fluids shift to the lower body (Rowell, 1993b; Buckey, 2006a) .
The head-down tilting (HDT) method is used to simulate the body fluid shifts towards the head that occur in microgravity (Shimizu et al. 1992; Nicogossian et al. 2016) . For instance, in anaesthetized rabbits, after the onset of 20 deg HDT, there are increases in cardiac output, common carotid arterial flow and BP and decreases in abdominal aortic flow, femoral arterial flow and femoral arterial pressure. When rabbits aged 3 or 4 weeks grew up under 20 deg HDT for ß5 weeks, the number of afferent unmyelinated fibres in the left aortic nerves decreased and the baroreceptor reflex gain was also reduced as HR/ BP, the whole nerve activities of afferents in response to BP changes were smaller . The head-up tilting (HUT) test is one of the health checks for orthostatic tolerance in humans (Hughson et al. 1994; Akimoto et al. 2011; Aydin et al. 2017) , and HUT has been used to assess orthostatic tolerance in astronauts when they return to Earth from space (Buckey & Homick, 2003; Levin et al. 2003) . We previously reported that BP decreased and HR increased during 3 min of HUT in unconscious and conscious rats, and that changes in HR based on the baroreceptor reflex in anaesthetized rats were not observed after sinoaortic denervation (SAD; Waki et al. 2009) . Thrasher (2004) stated that the role of the baroreceptor reflex in long-term control of BP needs to be reconsidered, although the current consensus is that the baroreceptor reflex is important in short-term (seconds to minutes) control of mean arterial pressure, and his results using a new model of chronic baroreceptor unloading indicated that the condition results in a sustained increase in mean arterial pressure (Thrasher, 2002) . We previously reported that fluctuations in BP were observed immediately after 90 deg HUT, and that the BP level was maintained during several minutes of 90 deg HUT in anaesthetized rats (Nishimura et al. 2012 (Nishimura et al. , 2014 . Based on these results, we wondered whether the baroreceptor reflex is important for maintenance of an adequate and stable BP during prolonged HUT. However, changes in cardiovascular parameters and their regulation during long-term HUT from the supine posture had not previously been investigated. Our hypothesis was that the baroreceptor reflex system works not only at postural transitions but also during the standing posture in mammals.
To test this hypothesis, we clarify the changes in BP, BF and HR after the postural transition from supine to upright and during 30 min at 90 deg HUT in anaesthetized rats and discuss how the baroreceptor reflex contributes to long-term BP control in any situation, from the results of the 90 deg HUT experiment before and after SAD.
Methods

Ethical approval
All experimental procedures were performed according to the guiding principles for the care and use of animals in the field of physiological sciences and regulations for the management of laboratory animals at Fujita Health University (approval # H1442, AP16120). We acknowledge the ethical principles and regulations of Experimental Physiology, and the study was carried out in accordance with the animal ethics checklist described by Grundy (2015) .
Surgical procedure
Male Sprague-Dawley rats were delivered from Japan SLC and housed in the Education and Research Center of Animal Models for Human Diseases in Fujita Health University until the HUT experiment (temperature 23 ± 3°C; humidity 50 ± 10%; 12 h-12 h light-dark cycle; water and chow ad libitum). The rats (age 14-18 weeks, weight 452-460 g, n = 13: intact, n = 6; intact + SAD, n = 6; SAD, n = 1) were anaesthetized with 25% urethane solution (050-05821, I.P., 1.0-1.5 g kg −1 , Wako Pure Chemical Industries, Ltd., Osaka, Japan). As a result of limitations of SAD and/or measurement during 90 deg HUT, the number of animals analysed for all parameters was 12 nerve-intact rats, and the total number of rats used was 13. The depth of anaesthesia was checked by the pinch test, which assesses the limb withdrawal response to a noxious pinch, and urethane solution was additionally administered (<0.25 g kg −1 per injection) to maintain steady cardiovascular and respiratory conditions. The rats were placed in the supine posture in a HUT holding box made from styrene-expanded foam and were fixed with surgical tape and needles for the surgical operation. Surgery was carried out as follows (Waki et al. 2002; . A mid-line incision was made in the ventral region of the neck, and a tube was inserted into the trachea for spontaneous breathing. The common carotid artery (CCA) was divided carefully from the vagosympathetic nerve trunk (Waki et al. 2005) . The tip of a catheter was inserted into the right CCA and placed around the aortic arch for measurement of BP, and the catheter was connected to a pressure transducer that was fixed at the level of the right atrium. A 1 mm probe of an ultrasound flowmeter (T206; Transonic, Ithaca, NY, USA) was attached to the left CCA for measurement of BF. ECG electrodes were placed subcutaneously (approximately CM-5) to obtain HR from the R-R interval. The transducer, probe and electrodes were connected to an analog-to-digital conversion device (MP-36; Biopac Systems, Goleta, CA, USA), and the data were stored in a personal computer (sampling time was 200 ms). After the operation, the tilting box was closed and fixed with Velcro and surgical tape.
Sinoaortic denervation was performed by the modified Krieger's method (Krieger, 1964; Waki et al. 2002) . The aortic nerves were isolated and cut bilaterally. The nerve trunks and connective tissues of the wall of the carotid sinus were bilaterally stripped and cut and/or crushed. Complete abolition of the sinus reflex by SAD was confirmed by occlusion of the left CCA with a surgical clamp; if BP and HR were increased by the occlusion, we retried denervation. In addition, it is important that cardiac vascular variables are obtained under good physiological conditions in SAD therefore, we did not carry out SAD after the nerve-intact trials for all animals.
After all experimental procedures, the animals were killed by induction of pneumothorax under deep anaesthesia.
Head-up tilting protocol
The 90 deg HUT was carried out after all parameters were stable. The HUT trial, which was performed by standing the box up immediately from the supine to the upright position, was maintained for 30 min (Fig. 1) . This unique box, where the anaesthetized rat was held in the original posture, was designed and made to control the body temperature by heat moving (radiation, conduction and convection) and to minimize the shifts of organs under microgravity and HUT (Waki et al. 2002) . 
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Data and statistical analysis
Data were calculated and analysed by software from Biopac Systems (AcqKnowledge version 4.0). Values are expressed as means ± SD, and the percentage change from control (% control) was calculated using the following formula: % control = (value − control value before HUT)/ control value before HUT × 100
We defined the change points of BP as the maximal response and the plateau (two events) after the onset of 90 deg HUT for the analysis. The former point was the decrease in BP immediately after the onset of HUT, and the latter was the steady point of BP from maximal decrease and rebounding towards the control value before HUT. The values at these two events and every 5 min for each parameter of a rat were obtained to describe the traces in figures using AcqKnowledge 4.0 software with a PC, and these variables in each rat were the average of digital variables in three respiratory cycles (Fig. 2 ), which were caused by spontaneous respiratory movement. Values were compared using Student's paired t test, and differences between SAD and nerve-intact rats were compared using Student's unpaired t test. Values of P < 0.05 were considered to indicate statistical significance. In addition, we also executed the Bonferroni correction using the Statistical Analysis System, version 9.4 (SAS Institute Inc., Cary, NC, USA) because of considering multiplicity.
Results
Figure 2 shows typical traces of each parameter before and after the onset of 90 deg HUT. The BP and BF were reduced immediately by the postural transition from the supine position; thereafter, these parameters increased towards the control values before HUT, and the initial changes in all rats were qualitatively similar to each other.
In nerve-intact rats (n = 12), the averages of basal mean BP, BF and HR before 90 deg HUT were 83.2 ± 13.4 mmHg, 5.2 ± 2.1 ml min −1 and 370.5 ± 39.2 beats min −1 , respectively (Fig. 3) . After the transition from the supine position to 30 min at 90 deg HUT, averages of BP and BF decreased to 70.0 ± 9.6 mmHg and 3.9 ± 1.6 ml min −1 , respectively, at 2.9 ± 1.1 s after 90 deg HUT (percentage change from control, -15.4 ± 5.9 and -26.2 ± 11.5%, P < 0.01; Figs 3 and 4) ; at this time, the average HR indicated a gradual increase (378.7 ± 36.6 beats min −1 ). These parameters then increased and stabilized at 30.7 ± 13.1 s (plateau); average values were 80.5 ± 12.4 mmHg and 4.2 ± 1.7 ml min −1 at this point on the trace of original data, respectively, and the percentage change from basekube values before 90 deg HUT were -2.8 ± 8.5% for BP and -17.5 ± 17.4% for BF. At the plateau, the average HR increased to 383.3 ± 39.2 beats min −1 (percentage change from control 3.5 ± 3.5%, P < 0.05; Figs 3 and 4), which was statistically greater than the baseline value before 90 deg HUT. In other words, the BP in each animal was nearly maintained throughout 30 min of 90 deg HUT; the average of BP baseline at 30 min was 76.2 ± 14.7 mmHg although the irregular changes in the maintained level of BP observed in a few rats in which BP was affected by different factors (Fig. 3 , e.g. animal C). The BF decreased during 90 deg HUT, and the average of mean BF was 3.7 ± 2.1 ml min −1
at 30 min (P < 0.05 at 30 min); the percentage change from control BF during 30 min of 90 deg HUT was larger than for BP (Fig. 4) . After the postural transition to 90 deg HUT in SAD rats (n = 7), BP and BF decreased significantly to 59.7 ± 5.6 mmHg and 2.7 ± 0.7 ml min −1 , respectively (by -19.6 ± 3.7% and by -32.3 ± 8.4%, respectively, P < 0.01; Figs 4 and 5), at 3.9 ± 1.0 s, which was a longer period than for nerve-intact rats, from 74.0 ± 6.9 mmHg and 4.1 ± 1.3 ml min −1 before 90 deg HUT, respectively, and H. Nishimura and M. Yamasaki they increased and stabilized at 22.4 ± 5.8 s; average values were 67.7 ± 8.8 mmHg and 2.9 ± 1.0 ml min −1 (percentage change from control, -8.6 ± 7.7 and -29.5 ± 15.0%, respectively; Figs 4 and 5). The time to the plateau was shorter than for nerve-intact rats, and HR did not increase after 90 deg HUT, being 406.9 ± 48.1 beats min baseline, 406.2 ± 48.4 beats min −1 at maximal response and 408.9 ± 48.1 beats min −1 (increase 0.5 ± 0.6%; Figs 4 and 5) at plateau. During 90 deg HUT in SAD rats, BP and BF gradually decreased to 61.1 ± 18.5 mmHg and 2.0 ± 1.1 ml min −1 , respectively, 30 min after the onset of 90 deg HUT (BP, P < 0.05; BF, P < 0.01; Figs 4 and 5).
In comparison, the decreases in averages of mean BP and BF as a percentage of control values during 90 deg HUT were larger in SAD rats than in nerve-intact rats, and maintenance of these parameters throughout 30 min of 90 deg HUT was lower in SAD than in nerve-intact animals ( Fig. 4A and B) . The averages of mean BPs in SAD rats at the changing point of initial decrease, plateau and 25 min were significantly different compared with intact rats (P < 0.05, Student's unpaired t test), those of BFs in SAD rats at 10, 15 and 20 min were statistically different compared with intact rats (P < 0.05; Fig. 5 $) . The average of percentage changes in HR from control in the nerve-intact animals indicated the upper level during 90 deg HUT though fluctuating; in contrast, the average changes in HR in SAD rats decreased gradually after HUT (Fig. 4C) .
Discussion
In the present study, we have clarified the changes in BP, BF and HR after the onset of upright posture and during 30 min of 90 deg HUT and the role of the baroreceptor reflex in response to these BP changes in anaesthetized rats and proved our hypothesis.
The initial decrease in BP after the onset of 90 deg HUT in both experimental groups was approximately -10 to -15 mmHg (Figs 3A, 4A and 5A) and was the same as our results from a previous HUT experiment (Waki et al. 2009 ). Therefore, each initial decrease in BP caused by a postural change to upright depends on the hydrostatic pressure when a pressure gradient attributable to gravity exists in the blood circulatory system (Rowell, 1993a; Buckey, 2006a; Waki et al. 2009 ). If BP does not increase drastically in response to this decrease in BP, the baroreceptor reflex is not working efficiently. Thus, we found that the averages of percentage increases in mean BP and the time to steady state of mean BP from the onset of postural transition were approximately 6% lower and 8 s shorter, respectively, in SAD rats than in nerve-intact rats (Fig. 5A) . Akimoto et al. (2011) reported that when young healthy men experienced 60 deg HUT within 13 min from supine, the cardiac baroreflex sensitivity obtained from last 10 min was reduced during HUT (closed loop), and HR increased statistically from 75.7 ± 4.3 to 85.2 ± 5.5 beats min −1 (mean ± SEM, n = 10). We estimated the percentage change of HR (% control: from supine to HUT) to be 12.5% calculated from these results; the % control of HR in anaesthetized Sprague-Dawley rats was ß4.7% (n = 6) in our previous results on 90 deg HUT (Waki et al. 2009) , and the % control of HR in the present study was ß3.5% (n = 12). In both rat experiments, after SAD the increase in HR at postural change by HUT did not appear (Fig. 5C ). The increase in HR based on the sympathetic tone is induced by a postural transition to upright, but % change in rats is smaller than in humans. The average mean BP after HUT in each experiment was 86.1 ± 3.7 mmHg (mean ± SEM) from 87.1 ± 3.2 mmHg in humans, 73.1 ± 5.0 mmHg at 30 s after tilting from 76.0 ± 7.0 mmHg in rats, and 80.5 ± 12.4 mmHg (mean ± SD) at 31 s from 83.2 ± 13.4 mmHg in the present study. We summarize these results, first in mammals including humans, because upright postural transitions fundamentally enhance the activities of the sympathetic nervous system mediated by the baroreceptor reflex, although the quantitative changes in HR and/or mean BP are different after HUT, e.g. the percentage increase of HR in humans is three times as large as that in rats (four-footed mammals). Secondly, the total peripheral resistance-mediated sympathetic vasoconstriction after HUT is important to maintain BP, particularly in humans, because the hydrostatic gradient is relatively larger depending on the magnitude of gravity and its direction in relationship to the body axis (Buckey et al. 1996; Buckey & Homick, 2003) . Although the initial BP response to the decrease in BP occurred after SAD, the average value was lower than in intact rats (Fig. 5A) . We consider that the increase in BP is caused by recoil of the vascular wall or other characteristics of the vasculature as the vasculature recovers from expanding after the blood shifts immediately after standing (Katsuda et al. 2014) , and therefore BP increased slightly in SAD. We also think that the vestibulosympathetic reflex occurred immediately after the postural change in spite of unconsciousness, because Morita et al. (2010) reported that the vestibular system induced sympathetic excitation in anaesthetized rats undergoing 60 deg HUT. However, the details of the initial increased response of BP are not clear, and we should consider other factors besides the muscle pump because of anaesthesia and the restriction of the body by the HUT box. Without the baroreceptor reflex, the other mechanisms were not sufficient to increase BP in response to the shifts in blood in resulting from 90 deg HUT, and therefore the BP response was worse. Our results show that the baroreceptor reflex is important for regulation of BP and BF immediately after HUT and support the clinical or human studies on HUT and standing tests.
During 30 min of 90 deg HUT, the decreases in BP and BF were larger in SAD rats than in nerve-intact rats ( Fig. 5A and B) . In nerve-intact rats, BP was maintained at approximately -8% of control levels, whereas both BP and BF in SAD rats gradually decreased. Heart rate decreased gradually in the SAD group (Fig. 5C ). Afferent nerves of arterial baroreceptors were not enhanced by BP changes after SAD, and therefore BP, BF and HR seemed to decrease throughout the 90 deg HUT. There is a possibility that the heart does not work regularly during 90 deg HUT after SAD, because the oxygen supply to the heart muscles might be reduced. With the experimental limitation of SAD, during upright posture the O 2 concentration decreased probably because of absence of the sinus chemoreceptors; they are stimulated by a reduction in arterial blood O 2 concentration. Thrasher (2002) reported that arterial baroreceptor input was important in the long-term control of BP, because chronic unloading of arterial baroreceptors that were denervated except for one side of the sinus generated neurogenic hypertension, although systemic hypertension did not occur in SAD rats. Input from the baroreceptors will be involved in the regulation of BP regardless of the length of time, and therefore our results indicate that the baroreceptor reflex contributes to the control of BP and BF during long-term 90 deg HUT, although the role of the baroreceptor reflex is evaluated by different indices. In our results, BF was not maintained during 90 deg HUT. The BF depends on the circulatory blood volume, and therefore we think that reduction of stroke volume occurred owing to reduction in venous return and that the circulatory blood volume was reduced during 30 min of 90 deg HUT because of filtration of plasma from the intravascular to the interstitial space in the lower limbs. These changes have been observed in human experiments. After a postural change from supine to standing, ß500 ml of blood shifts to the lower body from the thorax in humans (Rowell, 1993b; Buckey, 2006a) , and stroke volume is reduced by ß28% (Edgell et al. 2012) . Hinghofer-Szalkay & Moser (1986) reported loss of plasma volume during various HUT procedures in humans. Moreover, in experiments with Macaca fascicularis monkeys, Terada & Takeuchi (1993) reported that venous pressure in the inferior vena cava below the diaphragm increased in a stepwise manner from the inferior vena cava to the terminal iliac vein after 30 deg HUT. Similar phenomena probably occur during prolonged 90 deg HUT in rats.
In focusing on long-term cardiovascular regulation, we should consider not only neural control but also humoral regulation. Generally, vasopressin secretion contributes to the maintenance of BP by enhancing vasoconstriction directly and by reabsorption to increase plasma in the capillaries. During HUT, the blood pressure of peripheral arteries increases in caudal regions, leading to movement of plasma to the interstitial space and an increase in intravascular osmotic pressure, which is one of the stimulators of vasopressin secretion; therefore, it is possible that the concentration of vasopressin is important for maintenance of BP and BF during long-term HUT. Furthermore, secretion of adrenaline and noradrenaline is continuously increased by excitation of sympathetic nerve H. Nishimura and M. Yamasaki activity during 30 min 90 deg HUT in nerve-intact rats; the afferent activities of the baroreflex remain increased during HUT, leading to secretion from the adrenal medulla originating from sympathicoblasts controlled by sympathetic nerve fibres. In fact, there were statistical differences in the mean values of BP or BF between intact and SAD groups, at several changing points or times during 90 deg HUT (Figs 3, 4 and 5) .
Finally, we consider the renin-angiotensin-aldosterone system. In anaesthetized dogs, renin secretion increased after 60 deg HUT (DiBona et al. 1981) , and Dampney et al. (1979) reported that renin secretion increased during 60 deg HUT before and after SAD. On the basis of their results and opinions, renin secretion probably increased in our experiment, but the BP in SAD rats was reduced throughout HUT. In the present study, the extent to which hormones affected cardiovascular regulation during 90 deg HUT was not clear. The BP decreased during 90 deg HUT in SAD rats, although it was almost maintained in nerve-intact rats, indicating that the baroreceptor reflex made a major contribution to the regulation of BP during 90 deg HUT. We did not measure hormones in this study to avoid affecting intravascular fluids by blood sampling, and therefore we do not report changes in hormones with time during HUT. We plan to measure hormone concentrations in future studies. We found that the baroreceptor reflex is important to maintain BP and BF in prolonged HUT based on the results during 30 min HUT (Figs 3 and 5) , although we could not understand results of 3 min HUT (Waki et al. 2009 ).
Limitations of the study
As a result of the anatomical limitations of acute SAD, there is a possibility that a few aortic afferent nerve trunks of small diameter (a few micrometres) could not be detected, but their influence on the baroreceptor reflex seems to be small. This study included only male rats; therefore, we would have to carry out the same experiment in females to generalize these results.
The rat is a quadruped; however, rats often stand up, and the total number of upright standing behaviors was >500 times per day at 10 weeks of age (Waki et al. 2009 ). The many results from studies of autonomic nervous control, including the baroreceptor reflex, were combined to understand these mechanisms; for example, collaborative neuroscience studies have proceeded from the planning for space medicine and medicine on the ground (Buckey & Homick, 2003; Levin et al. 2003; Yamasaki et al. 2004; Waki et al. 2005) . The present study provides important basal data to understand the function of the baroreceptor reflex during long-term 90 deg HUT or at postural transitions in mammals, including humans.
